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Abstract
Purpose Muscle paralysis after spinal cord injury leads to muscle atrophy, enhanced muscle fatigue, and increased energy demands for functional activities. Phosphorus magnetic resonance spectroscopy ( 31 P-MrS) offers a unique non-invasive alternative of measuring energy metabolism in skeletal muscle and is especially suitable for longitudinal investigations. We determined the impact of spinal cord contusion on in vivo muscle bioenergetics of the rat hind limb muscle using 31 P-MrS. Methods A moderate spinal cord contusion injury (cScI) was induced at the t8-t10 thoracic spinal segments. 31 P-MrS measurements were performed weekly in the rat hind limb muscles for 3 weeks. Spectra were acquired in a Bruker 11 t/470 MHz spectrometer using a 31P surface coil. the sciatic nerve was electrically stimulated by subcutaneous needle electrodes. Spectra were acquired at rest (5 min), during stimulation (6 min), and recovery (20 min). Phosphocreatine (Pcr) depletion rates and the pseudo
Introduction
Skeletal muscle alterations following spinal cord injury (ScI) have the potential to significantly impact daily functional motor performance and locomotor capabilities, that can ultimately contribute to long-term disability (Yakura et al. 1990; gordon and Mao 1994; Wang et al. 1999) . Drastic declines in mitochondrial enzyme activity, capillary density and a shift in fiber type composition to type II glycolytic fibers of the paralyzed skeletal muscles is welldocumented after complete ScI in humans (Kjaer et al. 2001 ) and in spinalized animal models (Jiang et al. 1991; Durozard et al. 2000; gregory et al. 2003) . Skeletal muscle metabolic dysfunction has the potential to decrease oxidative capacity and to negatively impact muscle fatigability (Wang et al. 1999; Bhambhani et al. 2000; Mccully et al. 2011; Erickson 2013) .
though metabolic adaptations after ScI appear to be well-documented, most investigators have utilized in vitro measurements. these assessments are not only invasive but also suffer from their inability to yield longitudinal followup assessments and bioenergetic data from a fully functioning muscle. Alternatively, though maximum oxygen consumption (VO 2max ) measures are widely used to assess the muscle metabolic oxidative capacity (Mccully et al. 1993; Wang et al. 1999) , these techniques may not necessarily reflect the in vivo muscle metabolic condition because of their influence from cardiopulmonary functions. Phosphorus magnetic resonance spectroscopy ( 31 P-MrS) has been extensively used in both healthy and diseased muscles to assess the in vivo metabolic properties of skeletal muscle (levy et al. 1993; Paganini et al. 1997; Mccully et al. 1999 Mccully et al. , 2011 Argov and Arnold 2000; Kent-Braun and ng 2000; liu et al. 2007) .
the purpose of this study was to assess muscle bioenergetics of hind limb muscles in vivo after spinal cord contusion injury (cScI) in rats. We chose a contusion injury model in our study because the majority of new ScIs (~53 %) occurring annually are now classified as incomplete and the ScI contusion model is validated and proven to closely correlate with histological, behavioral, electrophysiological evaluations and functional measurements following ScI in the human (gale et al. 1985; noble and Wrathall 1985; Metz et al. 2000) . We hypothesized that the in vivo bioenergetics of the rat gastrocnemius muscle determined by 31 P-MrS, specifically the muscle phosphocreatine (Pcr) depletion and resynthesis rates, along with the maximum mitochondrial capacity and in vivo maximum oxidative adenosine triphosphate (AtP) synthesis rate will be drastically impaired 1 week after cScI in adult rats.
Methods

Animals
the experimental design for this study is outlined in Fig. 1a . twenty-four adult Sprague-Dawley female rats (12 week-old, 228-260 g; charles river, nJ) were housed in a temperature controlled room at 21 °c with a 12:12 h light:dark cycle and provided with rodent chow and water ad libitum. Sixteen rats were moderately injured at the t8-t10 thoracic spinal cord levels and eight non-injured rats served as controls in providing healthy muscle tissue to run biochemical assays for the quantification of muscle total creatine [tcr] and [AtP] . Of the 16 injured rats, one group of cScI rats (n = 8) was sacrificed at 1 week after the injury to obtain [tcr] and [AtP] . the remaining animals (n = 8) were utilized for 31 P-MrS data collected at weeks 1, 2 and 3 after the injury, and subsequently sacrificed. All experimental procedures were performed in accordance with the US government Principle for the Utilization and care of Vertebrate Animals by approval of the Institutional Animal care & Use committee at the University of Florida.
Spinal cord contusion injury
Spinal cord contusion injury was produced using a nYU (new York University) impactor device. A 10 g weight was dropped from a 2.5 cm height onto the t8 segment of the spinal cord exposed by laminectomy under sterile conditions. Animals received two doses of Ampicillin per day for 5 days, starting at the day of surgery. Procedures were performed under ketamine (100 mg/kg)-xylazine (6.7 mg/ kg) anesthesia (reier et al. 1992; Anderson et al. 1995) . Subcutaneous lactated ringer's solution (5 ml) and antibiotic spray were administered after completion of the surgery. the animals were kept under vigilant postoperative care, including daily examination for signs of distress, weight loss, dehydration, and bladder dysfunction. Manual expression of bladders was performed 2-3 times daily, as required, and animals were monitored for the possibility of urinary tract infection. All animals were housed individually post surgery. At postoperative day 7, open field locomotion was assessed using the 21 Basso-Beattie-Bresnahan (BBB) locomotor scale (Basso et al. 1995) so that if animals did not fall within a preset range (0-7) could be excluded from the study.
31 P spectroscopy measurements were performed before injury, and once weekly for a period of 3 weeks after the injury. At the end of the final Mr experiments, animals were sacrificed and the gastrocnemius muscle was excised and snap-frozen at −80 °c for subsequent biochemical quantification. 31 P magnetic resonance spectroscopy experimental setup Animals were anesthetized using gaseous isoflurane in oxygen (3 % box induction), and maintained at 0.5-2.5 % during the entire Mr procedures. Isoflurane at this concentration is commonly used for MrS procedures, without impacting the results obtained (van den Broek et al. 2010; torvinen et al. 2012) . After shaving and cleaning the limb with alcohol the animals were placed horizontally in the prone position on the Mr cradle with the hind limb firmly secured with foam and tape (Fig. 1b) . Mr coils were positioned as described below. two needle electrodes were placed subcutaneously-one over the region of the third lumbar vertebrae and the other over the greater trochanter (landmarks to stimulate the sciatic nerve). After adequately securing the hind limb, the sciatic nerve was stimulated to evoke a response from the gastrocnemius muscle. A grass Stimulator (Quincy, MA) with a grass Model SIU8t stimulation isolation unit (grass Instruments, West Warwick, rI) was used to deliver monophasic, rectangular pulse with a 1 ms pulse duration, 1 Hz frequency and of supramaximal intensity (~10 V). the stimulus voltage was adjusted to give maximum isometric contraction of the gastrocnemius muscle as confirmed by palpation of the muscle. Electrical stimulation was carried out for 4-6 min to deplete Pcr by ~30 to ~40 % of the initial resting values. care was taken to make sure that the Pcr content did not deplete by more than 50 % to avoid intracellular acidosis (Kemp et al. 1994) .
31 P spectra were acquired at rest, during muscle stimulation, and post-stimulation recovery period for 20 min. no attempts were made to synchronize the radiofrequency pulse with the muscle stimulation. Vital signs of the animal were continuously monitored throughout the Mr experimental procedure.
31 P magnetic resonance spectroscopy data collection All 31 P-MrS data were collected in a Bruker 11 t/470 MHz spectrometer. A custom-made 1.5 × 1.7 cm oval 31 P (190.5 MHz)-tuned surface coil was placed over the belly of the rat gastrocnemius muscle (Fig. 1b, c) . A 3-cm standard 1 H surface coil was placed underneath the After initial handling, animals (n = 16) underwent 31 P MrS assessments followed by a thoracic spinal cord contusion injury (cScI). One group of cScI rats was sacrificed at 1 week (n = 8) to obtain biochemical measurements of [AtP] and [tcr] . the second group of cScI rats was tested for 31 P MrS at 1, 2 and 3 weeks post-cScI and sacrificed after final testing. Muscle tissue was also harvested for biochemical procedures from one group (n = 8) of non-injured animals. b Experimental setup demonstrating animal posture during 31 PMrS data collection, placement of needle electrodes for stimulation of the sciatic nerve and position of the 31 P coil. c the hind limb was adequately secured by foam and tape on the Mr cradle and the 31 P surface coil was secured over the calf muscle hind limb to perform shimming and the animal's hind limb was extended such that the calf muscles were centered over the surface coil. resting spectra were acquired with a 50 μs 2 pulse, a tr of 2 s, spectral width of 10 kHz, 150 averages and 8,000 complex data points. Kinetic spectra were collected with a similar sequence but were averaged into 20 s bins and acquired at rest (5 min), during electrical muscle stimulation (EMS, 4-6 min), and throughout recovery from EMS (20 min). All data were corrected for t1 saturation by comparing the partially relaxed 31 P-MrS spectra at tr of 2 s with fully relaxed spectra acquired at tr of 15 s. the correction factors for Pcr, Pi and β-AtP in our study were 1.40, 1.69 and 1.13, respectively. 31 P magnetic resonance spectroscopy data analysis All free induction decay signals (FIDs) were multiplied by an exponential corresponding to 25 Hz line broadening. resting spectra were manually phased, and the areas of the β-AtP, Pi, and Pcr peaks were determined using area integration software (Xwin; Bruker, Billerica, MA, USA). β-AtP was used as an internal standard for estimating Pi and Pcr concentrations. Absolute concentration of phosphate metabolites was subsequently determined by enzymatically determined AtP concentration in frozen muscle tissue (obtained from one group of animals sacrificed at the end of the experiment as well as from another group of animals that were sacrificed at the end of 1 week after cScI) and after accounting for saturation correction.
Intracellular pH was calculated from the chemical shift of the Pi peak relative to Pcr using the equation, where δ is the chemical shift of the Pi in ppm. the cytosolic resting phosphorylation potential was calculated in reciprocal form since the phosphorylation potential itself is not normally distributed:
Free cytosolic ADP was calculated from the creatine kinase equilibrium reaction as previously described (Mizobata et al. 1995; thompson et al. 1995; Pathare et al. 2008 ).
where free creatine (cr) is calculated after subtracting Pcr obtained by 31 P-MrS from [tcr] obtained biochemically. Specifically, the Pcr content was obtained by 31 P-MrS after correction for t1 saturation factors, and the [tcr] content and [AtP] was determined biochemically (see below).
[tcr] and [AtP] was first obtained in mmol/kg wet weight assuming a muscle density of 1.06 g/l and converted into mmol/l of intracellular water
(mM) assuming a cellular water fraction of 0.73 l/kg as described previously (Pathare et al. 2008) . the intracellular Mg concentration and equilibrium constant (K eq ) of the creatine kinase reaction were assumed to be 1 mM and 1.66 × 10 9 l/mol (M −1 ), respectively, as previously reported (Veech et al. 1979) . note that all concentrations are converted to and presented in mM, i.e. mmol/l cell water.
PCr kinetic data
First, the concentrations of Pcr were linearly fit for preand post-cScI groups and the rate of Pcr depletion at the onset of stimulation (V dep mM/min, a measure of AtP demand) was analyzed using the first five ([Pcr] V dep (0-Another reliable measure, initial post exercise Pcr resynthesis rate (V meas ), also demonstrated to reflect mitochondrial oxidative capacity and less affected by the endexercise Pcr levels and pH (Meyer 1988; Kemp et al. 1994; lodi et al. 1997) , was determined from the first three to four data points in recovery; depending upon the best linear curve fit the maximum oxidative AtP synthesis rate (Q max ), which is a function of the intrinsic mitochondrial content and enzyme activity, oxygen and substrate supply to the mitochondria, and the cytosolic redox state (Kemp et al. 1996) was calculated from the known hyperbolic relationship between cytosolic free [ADP] and from the V meas as:
where K m is the Michaelis constant and is assumed as 50 μM for rat leg muscle (thompson et al. 1995) . Measurements of Q max during recovery in this way are independent of end-exercise pH and Pcr (Kemp et al. 1996; Durozard et al. 2000) .
Biochemical measurements
ATP assay
An AtP assay for gastrocnemius muscle was run for both control and cScI animals. tissue was obtained from one group of cScI rats that were sacrificed at 1 week after the injury and another group of cScI animals sacrificed at the end of the experiment.
[AtP] was measured as previously described (Hitchins et al. 2001; gigli and Bussmann 2002; Pathare et al. 2008) . Frozen gastrocnemius muscle was pulverized using a mortar and pestle under dry ice. 100 mg of the tissue was homogenized for 30 s with a Mini-bead beater in a plastic Eppendorf tube containing beads and ice-cold 0.9 % perchloric acid (5 v/w). the sample was then centrifuged at 9,000g for 15 min at 4 °c (~4,000 rpm). the supernatant was extracted and added to 4 M KOH (1.125 v/w) and centrifuged again for 5 min at 4 °c and 9,000g. the supernatant was frozen at −80 °c and processed for AtP measurements with an AtP assay kit (Sigma) using a luminometer (Biotek Instruments, cA). Individual [AtP] values were averaged to obtain mean [AtP] concentrations at each time point.
Total creatine assay total muscle creatine [tcr] content was determined using the diacetyl/α-naphthol assay as previously described (De Saedeleer and Marechal 1984; Vandenberghe et al. 1996; tarnopolsky and Parise 1999) . Approximately 10-15 mg (average 11.55 ± 2.25 mg) of muscle tissue was cut and placed in a vacuum centrifuge (Savant ISS110 SpeedVac™ concentrator, thermo Scientific, Milford, MA) to be spun for 18-24 h. Dried muscle was placed in an ultralow freezer at −80 °c. A porcelain plate and pestle were used to grind the dried muscle samples into powder. the powdered muscle tissue was subsequently extracted in a 0.5 M perchloric acid/1 mM EDtA solution at a relative ratio of 800 μl per 10 mg powdered muscle. the samples were left on ice for 15 min, while vortexing periodically. Samples were then spun at 15,000 rpm at 4 °c for 5 min. the supernatant was neutralized with 2.1 M KHcO 3 /0.3 M MOPS solution at a ratio of 1:5 and then centrifuged again at 15,000 rpm for 5 min. In order to determine the muscle [tcr] concentration, 40 μl of the supernatant from the above reaction was combined with 140 μl ddH 2 O and 20 μl 0.4 n Hcl and heated at 65 °c for 10 min to hydrolyze phosphate groups. the solution was then neutralized with 40 μl of 2.0 n naOH. the reacting solution was allowed to proceed in the dark for 40 min and the absorbance of solution eventually read with an excitation wavelength of 460 nm.
[tcr] values were expressed as mmol/kg dry weight. ) , maximum mitochondrial capacities (V max ) and oxidative AtP synthesis rates (Q max ) of the rat hind limb muscle prior to and at 1, 2 and 3 weeks after cScI. All hypotheses were tested at an alpha level of 0.05. Post hoc Bonferroni corrections were used for multiple outcome comparisons. Analyses were performed using SPSS for Windows, version 13.0.1.
Results
Energy metabolism at rest the resting phosphate metabolite concentrations measured in the rat gastrocnemius muscles before and after cScI are summarized in table 1. the resting spectra revealed no change in the inorganic phosphate concentration of the gastrocnemius muscle after cScI in rats 1 week post-cScI. Intracellular pH was slightly higher (by 0.04 units) and the [Pcr] content significantly lower at 1 week after contusion injury. these parameters resulted in marginal decrease in the Pi-to-Pcr ratio (p = 0.067) and a significant elevation in the resting phosphorylation ratio (1.5-fold, p = 0.002) of the paralyzed gastrocnemius muscles after cScI. these alterations in resting energy-rich phosphate content were completely reversed by 2-3 weeks post-cScI.
Energy metabolism during electrical muscle stimulation (EMS) and recovery Dynamic changes in Pcr, Pi and AtP in the rat gastrocnemius muscle measured from 31 P spectra during electrical stimulation and the subsequent recovery are shown in Fig. 2a, b . As expected, there was a decrease in Pcr content with concurrent increases in Pi with the stimulation. However, we noticed some interesting features in Pcr kinetics with continued electrical stimulation throughout the recovery period. In control healthy muscles, the rapid loss in Pcr during the onset of electrical stimulation dropped off and after approximately 4 min of stimulation a new steady-state metabolic condition was reached, with Pcr levels equal to ~68 % of resting values (Fig. 3b , approximately 32 % drop). In contrast, at 1 week post-cScI the rate of Pcr depletion remained high throughout the electrical stimulation protocol. As a consequence, electrical stimulation post-cScI was stopped after around 4 min (instead of 6 min), when Pcr levels were approximately equal to 58 % of resting values (Fig. 3b, (1.67-3.34 min) ) were statistically significant pre-and 1 week post-cScI (Fig. 3a, b) . showing spectral peaks obtained by 31 P-MrS at 11 t from the rat gastrocnemius muscle at rest, during electrical muscle stimulation (EMS) and during recovery from the exercise in a rat before the cScI. b Select spectra at rest, at the end of EMS and at 20 min recovery after EMS. note the depletion of Pcr with simultaneous increase in Pi peaks at the end of EMS; and the subsequent recovery of Pcr after EMS. the AtP peaks remain unchanged the Pcr recovery kinetics is shown in Fig. 3a . Following 1 week post-cScI, there was a significant reduction (~24 %) in k Pcr of the paralyzed gastrocnemius muscle (p = 0.001, table I). Furthermore, V max , defined as the maximum mitochondrial oxidative capacity and determined by the rate constant, declined by ~33 % at 1 week post-cScI (table 1) . In addition, we determined the oxidative capacity independent of pH by the maximum rate of mitochondrial AtP production (Q max ). the Q max was lower after 1 week of cScI in all animals (Fig. 4a) , but returned to baseline levels by 2 weeks after injury (Fig. 4b) . In fact, almost all measures of phosphate metabolism and kinetics returned to baseline values by 2 weeks post-cScI (table 1). As shown in Fig. 4c , a moderate negative correlation (r = −0.48) was also observed between the rate of AtP production, Q max and the rate of Pcr depletion from 100 to 200 s, V dep ([Pcr] V dep(1.67-3.34 min) ).
note that pH declines below 6.75 units (taylor et al. 1993; Mccully et al. 1994; Boesch 2007) significantly impact k Pcr rates. In our present study, the end stimulation pH in our present work was 6.98 and did not decrease by more than 0.2 units in either the control or ScI groups as compared to the baseline pH (table 1; Fig. 3d ). Importantly, the fall in cell pH at end exercise was not sufficient to decrease end-exercise [ADP] (table 1). lastly, there was no significant change in [AtP] throughout the experiment.
Biochemical analysis
Biochemical assay results showed that there were no significant differences in the resting concentrations of [AtP] in the gastrocnemius muscle before, after 1 week, or following 3 weeks of cScI. However, the total muscle creatine values [tcr] were statistically significantly different before and after 1 week of injury (table 1).
Discussion
to our knowledge, this is the first in vivo study that reports acute alterations in energy metabolism in a paralyzed Fig. 3 a graphical representation of the average Pcr kinetic data obtained at rest, during and after electrical muscle stimulation (EMS) before (black) and after (red) 1 week post-cScI from all animals. though the time for total stimulation after injury was shorter than before injury; the end stimulation Pcr content, when normalized to the baseline Pcr content, is lower after than before the cScI (red and black dotted lines). b Expanded view of Pcr kinetic data obtained at the onset and up to 6.3 min of EMS. Pcr depletes earlier and to a greater extent after 1 week post-cScI than before injury (red and black dotted arrows, respectively). c Histograms depict similar rates of Pcr depletion during the first 100 s (0-1.67 min) and slower rates of Pcr depletion from 100 to 200 s (1.67-3.34 min) at 1 week postcScI as compared to before injury. In b and c, light and dark gray boxes correspond to the first five data points (0-1.67 min) and the second five data points (1.67-3.34 min), respectively. d graphical representation of the average intracellular pH obtained at rest, during and after EMS before and after 1 week post-cScI from all animals. Asterisk indicates statistically significant differences (p = 0.01) between groups. 2wk cSCI: 2 weeks post-cScI, 3wk cSCI: 3 weeks post-cScI ▸ 1 3 skeletal muscle after a cScI in rats. Our data reveal (a) decrease in the resting [Pcr] content, elevated phosphorylation potential and mild increase in the resting pH of the paralyzed muscle 1 week after a cScI, (b) during recovery from exercise, the rate of Pcr recovery in the paralyzed muscle is significantly compromised and associated with a decrease in the mitochondrial oxidative capacity and maximum oxidative AtP synthesis rates, (c) during exercise, the energy-rich Pcr declines to a greater extent and at a faster rate. Our data suggests that there is a significant imbalance in the energy producing and/or consuming states of the paralyzed muscle along with a decrease in the mitochondrial oxidative capacity for oxidative phosphorylation after cScI.
In vivo bioenergetics at rest
In our previous studies, we have reported an increase in the resting in vivo Pi/Pcr ratio in response to muscle atrophy following immobilization in both rodents (Pathare et al. 2008 ) and humans (Pathare et al. 2006) ; which resulted exclusively from an elevated Pi content in the atrophied muscle. After a cScI, we do not observe increases in the resting inorganic phosphate content. However, similar to what is seen after a complete spinal cord transection in rats (Durozard et al. 2000) , the trend towards an increase in the resting [Pi]/[Pcr] ratios after a cScI is accompanied with concurrent decreases in the [Pcr] content. the exact mechanism of declines in [Pcr] content at rest remains unknown, but is suggestive of an imbalance in the resting phosphorylation potential such that the energy available for muscle contraction and other cellular work is decreased (taylor et al. 1993) . In addition, similar to spinal transection in rats (Durozard et al. 2000) , we observed a slight increase in the baseline pH values; possibly indicating a shift to anaerobic metabolism after paralysis.
In vivo bioenergetics during recovery from exercise A principal finding of our study is that the rate constant of Pcr recovery (k Pcr ) is significantly decreased after 1 week of cScI. Studies have well-established that during recovery from exercise, glycolysis ceases and Pcr in the muscle cell is replenished at the expense of AtP produced via mitochondrial oxidative phosphorylation (Durozard et al. 2000) . Accordingly, k Pcr has been extensively used in both healthy and diseased muscles as estimates of muscle oxidative capacity (Meyer 1988; Paganini et al. 1997; Mccully et al. 1999; Argov and Arnold 2000; Kent-Braun and ng 2000; Pathare et al. 2008) . When measuring oxidative capacity using MrS, it is essential to prevent muscle acidosis. this is because pH declines below 6.75 units (taylor et al. 1993; Mccully et al. 1994; Boesch 2007) significantly impact k Pcr rates and cannot adequately reflect skeletal muscle oxidative capacity. In the present study, the end stimulation pH was 6.9 and did not decrease by more than 0.2 units as compared to the baseline pH in either the ScI or control groups. We could achieve this by trading against shorter periods of electrical stimulation in our injured group. the lower minimum pH at the end of electrical stimulation in the cScI rats compared to before injury may suggest reduced cytosolic buffering capacity as well as compensation by anaerobic glycolysis. In fact, similar end-exercise pH (6.96 pH units) is reported after exercise in the vastus lateralis muscle of persons with ScI without impacting Pcr recovery rates (Mccully et al. 2011) . Importantly, our control data show similar k Pcr values as those reported in the literature from healthy rat gastrocnemius muscles (Meyer 1988; Paganini et al. 1997) . collectively, the decline in k Pcr and hence the maximum mitochondrial capacity (V max ) measures in our present study suggest an overall decrease in mitochondrial oxidative capacity. In addition, Q max derived from V meas and cytosolic free [ADP] -3.34 min) ). Data of all animals (pre cScI, 1 week cScI, 2 week cScI and 3 week cScI) are pooled from each time point adequately represents the oxidative capacity that is independent of pH (Kemp et al. 1996; lodi et al. 1997 ) was significantly reduced after cScI. Physiologically, the in vivo Q max is a function of the intrinsic mitochondrial content and enzyme activity, oxygen and substrate supply to the mitochondrion and cytosolic redox (Kemp et al. 1996) . In the preset study, a significant decline in the calculated Q max is accompanied by moderate, but not significant elevations in the end stimulation phosphorylation potential or mitochondrial driving force ([Pi] [ADP]/[AtP]), leading us to suggest that the driving force is unable to trigger an adequate mitochondrial response in enhancing oxidative phosphorylation. We believe that this is presumably due to a possible dysregulation between oxygen fluxes in the mitochondria and subsequent AtP synthesis rates. In fact, the finding from our present study that lower AtP synthesis rates (Q max ) accompany faster rates of Pcr depletion rates (see below) supports our view (good negative correlation between Q max and V dep , r = −0.48; Fig. 4 ). this decrease in oxidative AtP formation after 1 week cScI was partly compensated by a steeper Pcr decrease (see below) as well as anaerobic glycolysis (see pH recovery graph in Fig. 3d ).
Oxidative capacity after spinal cord injury
Our finding that the oxidative capacity after cScI is impaired is in concurrence with in vivo and in vitro models of complete ScI in both humans (Kjaer et al. 2001 ) and animal models (gregory et al. 2003) . In vitro studies show that mixed muscles such as the gastrocnemius and the vastus lateralis have significantly lower mitochondrial enzyme activity following spinalization in both cats and rats (Jiang et al. 1991; gregory et al. 2003) . In vivo studies, on the other hand, report drastic decreases in the k Pcr and Q max measures that suggest a transition in the source of energy supply from oxidative to anaerobic pathways for muscle metabolism following complete paralysis of the rat hind limb muscle (Durozard et al. 2000) . Various mechanisms including skeletal muscle atrophy (Johnston et al. 2003a, b; Hutchinson et al. 2004; liu et al. 2008) , increase in the number of type II glycolytic fibers of the paralyzed hind limb muscles , muscle inactivation and muscle deconditioning, as reflected in decreased functional activity and limitation of exercise tolerance to daily activities (Johnston et al. 2003a, b) have been recognized as precipitating factors in compromising the oxidative capacity of the paralyzed skeletal muscle. Physiologically, this is associated with an overall decrease in the mitochondrial DnA content, capillary density and blood flow of the paralyzed muscle, along with declines in skeletal muscle oxygen uptake following exercise after acute (gregory et al. 2003) as well as chronic ScI (Scelsi et al. 1982; Barstow et al. 1995; Wang et al. 1999; Bhambhani et al. 2000) . these deficits, after complete ScI, are seen acutely (7 days) and last chronically (3-6 months). However, since the supraspinal input after a spinal cord contusion is partially preserved, our data demonstrate that these muscle adaptations are transient and return to normal 2 weeks after injury. lastly, since mitochondrial function can be impacted under low perfusion conditions such as those experienced in peripheral vascular disease (Isbell et al. 2006; greiner et al. 2007 ) and heart failure (toussaint et al. 1996) , deficits in local blood perfusion after cScI as a potential contributor to mitochondrial oxidative capacity cannot be ruled out.
In vivo bioenergetics during exercise An important and novel observation of the present study is a possible impact of the altered oxidative capacity on Pcr depletion rates (V dep ) during electrical stimulation in spinal contused rats at 1 week. Our data demonstrate that during the first 100 s of EMS the Pcr depletion rate ([Pcr] V dep (0-1.67 min) ) in the gastrocnemius muscle was similar between animals injured at 1 week and controls. However, with continued electrical stimulation for the next 100 s the Pcr depletion rate ([Pcr] V dep (1.67-3.34 min) ) was more rapid and to a greater extent after 1 week post-cScI as compared to the healthy gastrocnemius muscle. Keeping the EMS parameters constant between animal at different time points, we established that 6 min of electrically stimulated contractions were required to deplete the Pcr content in our control group (pre-injury) by ~32 %. However, in cScI rats, Pcr was depleted by ~42 % in only 4 min (Fig. 3b, c) . Moreover, while the control group reached a clear steady state by almost 3 min into stimulation, the injured group never reached a steady state with our stimulation protocol. We hypothesize that the faster Pcr depletion rates are likely due to increases in AtP demand to perform similar work and decreases in AtP synthesis via oxidative phosphorylation that might be influenced by decreased perfusion secondary to a ScI. We explore these two possibilities below.
Muscle ATP demands and PCr depletion rates
Homeostatic mechanisms within the myocyte couple overall AtP utilization with AtP synthesis; thereby maintaining nearly steady concentrations of AtP during low intensity exercises (Erecinska and Wilson 1982; Kushmerick 1995) . Specifically, during muscle contraction, increasing AtP demands in the myocyte are met by Pcr breakdown via the creatine kinase equilibrium reaction. this decrease in Pcr content indicates the energy buffer role of Pcr, and consequently of the phosphorylation ratio ([ADP] [Pi]/[AtP]) in response to AtP demands. Accordingly, the magnitude of change in Pcr concentration reflects the demand for oxygen and substrates; and Pcr depletion rates are purported to measure the AtP needed to meet cellular demands (Kemp et al. 1995; toussaint et al. 1996) . the finding that a greater amount of Pcr is utilized for hydrolysis to AtP implies that the AtP demands for similar intensities of muscle contraction are higher than pre-injury levels. Indeed, sufficient evidence in the literature reveals that the paralyzed skeletal muscle is predisposed to increased fatigability, deconditioning, declines in isometric force production over repetitive bouts of contraction and decreases in muscle endurance (gerrits et al. 1999; Shields 2002) . consequently, the paralyzed muscle will function less economically than normal and require more energy to perform a given contraction. Moreover, increases in AtP consumption of paralyzed muscle can also result from AtP consuming events in the tissue such as muscle atrophy (Erkintalo et al. 1998) and the uncoupling of oxidative phosphorylation (taylor et al. 1993; Scheuermann-Freestone et al. 2003) . However, confirmation from actual measurements of the energy cost of contractions, by the amount of AtP produced for a given power output in the rat model of moderate cScI is warranted.
Local blood perfusion impact PCr depletion rates and oxidative phosphorylation
Another explanation for the faster V dep after cScI is an apparent decrease in the local blood perfusion that interferes with AtP synthesis via oxidative phosphorylation during muscle contraction. During steady-state exercise in a healthy muscle, there are increases in oxidative phosphorylation rates; which are supplemented by an increase in the local blood perfusion. Marro et al. (2007) have shown that in the rat hind limb muscle, during a range of low-level contractile activity, the declines in Pcr concentrations are the mirror image of the perfusion increases. A correlation exists between energy metabolism and oxygen supply that is fueled by local blood circulation in rat skeletal muscles during exercise (Idstrom et al. 1984; Olive et al. 2003) . Steady-state exercises are met by an initial rapid increase in blood flow till oxygen delivery matches the exercise demands and then plateaus (Van Beekvelt et al. 2001 ). Studies have shown that these initial rapid increases in blood flow, in turn, depend upon muscle contractile efficiency and vasomotor tone of the capillary pool (tschakovsky et al. 1996; Van Beekvelt et al. 2001) . noticeably, these data imply that an inadequate blood flow during exercise will result in inadequate delivery of oxygen to the contracting muscle cells and limit the ability of mitochondria to produce AtP via oxidative phosphorylation. Indeed, after ScI in humans, there is an approximate fivefold increase in the time to peak blood flow and a significant delay in the blood flow response at the onset of muscle stimulation in persons with chronic ScI (Olive et al. 2003) . this increased time of blood delivery, in turn, significantly compromises the ability of the paralyzed muscle to meet the energy demands of muscle contraction secondary to electrical stimulation. Various mechanisms for this deficiency in blood flow have been addressed including alterations in the neural vasomotor tone due to an inadequate vasodilation, decreased contractile ability of the paralyzed muscle to deliver blood, decreased oxidative capacity secondary to shift in muscle fiber type composition towards fast glycolytic fibers and a decreased hyperemic response to muscle contractions (Olive et al. 2003) . lastly, similar rapid V dep rates for a given exercise protocol have been documented after low perfusion states such as peripheral vascular diseases (Kemp et al. 1995) , muscle denervation (Hayashi et al. 1997 ) and chronic heart failure (toussaint et al. 1996) . these disease states have shown sizably compromised V dep rates and local perfusion to the involved muscle; thereby suggesting that the oxygen delivery to the muscle is a likely contributor of the abnormal metabolic response seen.
In view of these findings, we deduce that inherent characteristics of the paralyzed muscle potentially interfere with the local blood perfusion, which in turn hampers the oxygen supply to the exercising muscle. consequently, AtP production from oxidative phosphorylation during exercise is compromised and is reflected as faster V dep rates.
Significance of acute metabolic defects after cScI
In the present study, alterations in energy metabolism observed at rest and during exercise after 1 week of cScI reverted to control values by 2-3 weeks after injury. this rapid adaptation of the paralyzed rat gastrocnemius muscle is remarkable-suggestive of the extreme plasticity of the skeletal muscle in response to neural input-but not surprising. given that moderate cScI involves partial loss of descending neural drive, spontaneous motor and physiological recovery after injury is expected. Others and we have previously reported that the partially paralyzed skeletal muscle shows maximum spontaneous reversal of muscle atrophy by 3 weeks after moderate cScI (Hutchinson et al. 2004; liu et al. 2008) . Moreover, locomotor impairments too are maximum at 1 week after the injury and recover gradually by week 3, thereby suggesting a possible linkage between alterations in the paralyzed and locomotor deficits (Hutchinson et al. 2004; liu et al. 2008 ). Our present work further highlights the potential contribution of metabolic defects associated with acute motor impairments following a cScI.
Limitations
We did not monitor force in our electrical stimulation protocol. this might constitute a potential limitation as the reproducibility of the work load cannot be ensured among animals. However, supramaximal voltage was utilized to give maximum contraction of the gastrocnemius muscle and the stimulation parameters were kept constant throughout the experiment. though the protocol we used in this study is well-documented in the literature (Meyer 1988; Paganini et al. 1997 ), we might have stimulated both the gastrocnemius and soleus muscle groups. However, we performed phantom experiments that ascertained that the signal was mainly from the gastrocnemius muscle. In fact, given that the size of the rat plantaris and soleus muscle is small relative to the entire gastrocnemius muscle, we surmise that the soleus muscle is only a minor contributor to the MrS signal measured in this experiment.
Conclusion
In conclusion, the non-invasiveness of 31 P-MrS enabled us to longitudinally assess muscle oxidative capacity in real time and with high spectral resolution. We found a decrease in the mitochondrial oxidative phosphorylation rate during steady-state exercise along with a drastic elevation in Pcr depletion rates (V dep ) at the onset of electrical stimulation after cScI in rats. Our data uncovers acute metabolic disturbances in the paralyzed hind limb muscle that might potentially contribute to the host of motor dysfunctions seen soon after cScI. Our findings support the potential usefulness of therapeutic interventions aimed at improving aerobic muscle metabolism after this injury.
